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EDITORIAL REVIEW
Role of aldose reductase and sorbitol in maintaining the
medullary intracellular milieu
Sorbitol is the common name for D-glucitol, which is the
alditol (polyhydric alcohol or polyol), that results from reduc-
tion of D-glucose (Fig. 1) [1]. Sorbitol, which is a stereoisomer
of D-mannitol, was discovered in the fresh juice of the mountain
ash (Sorbus aucuparia L.) in 1872 [21 and has a widespread
occurrence in plants, ranging from algae to higher orders. In
mammalian tissues it is produced from glucose in a reaction
catalyzed by the enzyme aldose reductase (low km aldehyde
reductase; alditol:NAD(P) 1 -oxidoreductase, EC 1.1.1.21) [3,
41:
glucose + NADPH — sorbitol + NADP.
Sorbitol can in turn be oxidized by a reaction catalyzed by
sorbitol dehydrogenase (1 -iditol dehydrogenase, ED 1.1.1.14)
to produce fructose [3], completing a sorbitol or polyol pathway
that produces fructose from glucose (Fig. 1):
sorbitol + NAD -- fructose + NADH.
Aldose reductase was originally discovered in the seminal
vesicles and placentas of sheep [3, 4]. Sorbitol produced in
those organs provides fructose for nutrition of sperm and
fetuses [3—5]. Later, aldose reductase was found in a number of
other mammalian organs and tissues, including eye [6], adrenal
[71, skeletal muscle [7], brain [8], nerve [91, liver [10], kidney
[11], pancreas [11], blood vessels [12], intestine [12], ovary [12],
salivary gland [12], and red blood cells [13], but not in numerous
other organs and tissues [12]. No definite physiological role was
identified for aldose reductase other than in seminal vesicles
and placentas, and it was proposed that glucose might not even
be the main physiological substrate in other tissues [5].
Sorbitol and aldose reductase in the renal medulla
High levels of sorbitol were found in the renal medullas of
rats [14—17] and rabbits [17] together with correspondingly high
levels of aldose reductase [9, 12, 15, 18]. Aldose reductase was
also reported in glomeruli and some cortical tubule segments,
but the levels apparently were lower than in the medulla and
differed between species [12], leading to some uncertainty
about the distribution and quantification of the enzyme in the
cortex [reviewed in 19]. There is a gradient of sorbitol from as
high as 61 mmol/kg wet weight at the tip of the rat papilla [16]
to very low levels in the cortex [14, 15, 17].
The concentration of sorbitol in the renal medulla varies with
urine concentration [16, 17], suggesting a possible physiological
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role for sorbitol as a compatible osmotically active organic
solute (osmolyte) [17, 20]. Polyhydric alcohols, including sor-
bitol, were previously identified as osmolytes in numerous
organisms, including bacteria and plants [21], but had not been
known to have that function in mammalian tissues [221. Since
the osmolyte concept has only recently been related to mam-
malian tissues, it will be reviewed in what follows.
Osmolytes and maintenance of the internal milieu of cells
Because cell membranes are incapable of sustaining any
sizeable osmotic pressure difference, the osmolality inside a cell
must remain close to that of its surroundings. Consequently,
when the extracellular salt concentration rises, the intracellular
solute concentration rises in all cells, including cells in renal
inner medullas. This occurs initially because the cells shrink
and lose water by osmosis. Many types of osmotically shrunken
cells have been shown to regulate back towards their normal
volume by taking up sodium and potassium salts, followed by
water. This is only a temporary response, however, and in the
long term cells in general [21], and renal medullary cells in
particular [17, 20], do not balance a high extracellular salt
concentration with an equally high internal concentration of
sodium and potassium salts. Instead, they accumulate osmo-
lytes either by uptake from their surroundings or by synthesis.
The theoretical basis for understanding osmolytes was estab-
lished by Clark [23] in considering the possible functions of the
high level of amino acids present in the cells of some euryhaline
animals. The observations to be explained were that the accu-
mulation was: 1) restricted to neutral and acidic amino acids,
and 2) was directly related to salinity. She realized that the
neutral and acidic amino acids under consideration all bear a
structural resemblance to those cations and anions in the
Hofmeister or lyotropic series that favor "native" macromo-
lecular structure and function, in contrast to inorganic ions like
sodium, potassium and chloride which tend to denature macro-
molecules. Polyhydric alcohols are analogous to the neutral and
acidic amino acids in this respect in that they also favor the
native state of macromolecules [21, 22]. Furthermore, sorbitol,
as well as other polyols, was observed to accumulate in the cells
of some aquatic plants in high salt environments [24—26],
analogous to the accumulation of amino acids by the euryhaline
animals. Osmotically active organic solutes with these proper-
ties have been called "compatible solutes" [27] or "nonper-
turbing solutes" [21].
The differences between solutes that are perturbing and those
that are not are exemplified by their effects on enzyme function
[21, 28]. High levels of perturbing solutes, such as NaCI and
KCI, increase the Km of some enzymes and decrease their Vmax,
whereas even higher levels of nonperturbing solutes, like sor-
bitol, do not. Perturbing solutes may impede enzyme function
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by a number of mechanisms, including altering the conforma-
tion of enzyme proteins, binding to active sites, and blocking
access to substrates. Also, they may change the pK of dissoci-
ating groups involved in ligand binding and may form com-
plexes with free substrates and cofactors in solution. The
common feature of nonperturbing solutes is that they do not
interact strongly with enzyme proteins nor with their sub-
strates, cofactors, or modulators [281.
In addition to enzyme proteins, the perturbing solutes affect
other types of macromolecules. Thus [29], high levels of
"neutral salts exert striking and specific effects on con-
formational stability of proteins and nucleic acids, on
association-dissociation equilibria between macromole-
cules, on the stability of macroscopic fibrous structures
made up of proteins or nucleic acids, and on the rates of
macromolecular transconformational reactions. . . These
effects transcend in generality any details of macromolec-
ular composition or conformation. . . [Those ions] which
are particularly effective in decreasing the stability of the
"native" conformation of a fibrous protein in water
(promoting unfolding) are also effective destabilizers of
the "native" conformations of globular proteins and
nucleic acids. These same ions are also particularly effec-
tive in dissociating noncovalently linked aggregates of
proteins and other molecules and in increasing the rate of
unfolding (denaturation) of "native" structures. . . An-
ions and cations are essentially independently effective in
these functions and their effectiveness may be ranked as
first described by Hofmeister (1888) in his comparative
study of the "salting out" of euglobulins from aqueous
solutions by various neutral salts. . . The so-called
lyotropic (Hofmeister or specific-ion) effects . . . stabil-
ize or destabilize folded ("native") macromolecular
structures with respect to thermal transition to a disor-
dered form."
The basis for these differences between compatible and incom-
patible solutes can be understood in terms of degree to which
they bind nonspecifically to macromolecules (Fig. 2) [30]:
"If the binding of a solute to nonspecific sites, e.g.
peptide bonds, hydrophobic side chains, etc., on a native
protein is energetically favorable, then solute binding to
the unfolded, denatured protein will be even more favor-
able because of the large increase in the number of
possible exergonic interactions sites. Therefore, addition
of solute will shift the protein conformational equilibrium
towards the unfolded state in order to maximize the
favorable interactions. The converse is also true. Solutes
which are preferentially excluded from the protein sur-
face and its immediate hydration sphere will stabilize
folded protein structures."
The different types of osmolytes
Osmolytes have been identified during water stress in a wide
variety of bacteria, plants, and animals. The osmolytes fall into
three classes: 1) polyhydric alcohols, 2) free amino acids and
their derivatives, and 3) combinations of urea and methyl-
amines [211. The predominant osmolytes found in renal medul-
las in addition to sorbitol are inositol (a polyol), glycerophos-
horylcholine (a methylamine), and betaine (both a methylamine
and amino acid derivative) [17, 20].
The widespread occurrence of these particular osmolytes is
regarded as a striking example of convergent evolution [21].
The only organisms known not to accumulate organic osmoly-
tes in a high salt environment are the halobacteria. They exist in
saturating levels of NaCI and accumulate intracellular potas-
sium up to 7 molal. They have adapted to this high intracellular
potassium by major alterations in their proteins which allow the
proteins to function optimally in a high potassium concentra-
tion. The price of this strategy is that the halobacteria are
strictly confined to a high salt environment because their
proteins do not function well at what is for other organisms a
normal level of potassium. In principle the halobacteria could
gain versatility by continually modifying their proteins in re-
sponse to changes in salinity. No organism is known to have
adapted this strategy, however. It would require impractically
cumbersome genetic and regulatory systems. Instead, most
organisms accumulate osmolytes in their cells when their os-
molality rises and thus keep their intracellular potassium con-
centration within a narrow range. The price is maintenance of
specialized pathways to accumulate osmolytes and regulate
their level, but this burden is less than that of modifying large
numbers of proteins according to the level of salinity. Thus,
osmolytes efficiently preserve the intracellular milieu, so that
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Fig. 1. Compounds in the sorbitol pathway.
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Fig. 2. Cartoon illustrating the dEfference between the effect of a
periurbing (P) and a compatible (C) solute on the conformation of a
globular protein. Perturbing salutes tend to bind to macromolecules,
but compatible solutes are preferentially excluded from the protein
surface. (After reference 30).
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cellular macromolecules are able to function optimally without
alterations in their structure when the osmolality is high.
Aldose reductase and sorbitol in the renal medulla: Distribution
and regulation
Cellular distribution of aldose reductase was determined in
the renal medullas of dogs [12] and rats [18] by using immuno-
fluorescence microscopy with specific antibodies. In the inner
medulla this enzyme is abundant in the terminal part of the
collecting duct, thin limbs of Henle's ioop, papillary pelvic
epithelium, and interstitial cells. No staining was present in
collecting ducts from the outer 2/3 of the inner medulla. In the
outer medulla staining was spotty and it was difficult to distin-
guish which segments were involved. No studies of the effect of
diuresis on medullary aldose reductase have been reported.
In rats deprived of water there was a gradient of sorbitol from
approximately 60 mmol/kg wet wt at the tip of the papilla to 5
mmol/kg wet wt in the outer medulla [16]. The concentration of
sorbitol in the cells presumably is even higher, because cell
water is only a fraction of the wet weight. When rats [161 and
rabbits [17] were given access to water the level of sorbitol in
the inner medulla decreased by approximately 20 to 40%.
Whether this relatively small change is consistent with the
proposed role of sorbitol as an osmolyte is difficult to determine
from these limited data, because the diuresis that occurred was
modest, and the extent and duration of changes in medullary
extracellular NaCI concentration were not determined.
The extracellular salt concentration in the inner medulla is
difficult to control accurately and measure in vivo. Cell culture,
which is simpler in these respects, has been useful for investi-
gating control of the levels of sorbitol and aldose reductase in
renal cells.
Aldose reductase and sorbitol in cell cultures
The first studies of sorbitol in renal cell cultures were directed
at investigating possible links to diabetes. Therefore, medium
glucose concentration was the principal variable [311. Confluent
primary cultures of epithelial cells from monkey renal cortex
were incubated with varying levels of glucose. When the
medium glucose was low (<10 mM), virtually no sorbitol was
detected in the cells. When medium glucose was increased to 60
m, the cells accumulated sorbitol to a high level (200 mmol/kg
cell protein). 3,3'-tetramethyleneglutamate, which is an inhibi-
tor of aldose reductase, greatly reduced the accumulation of
sorbitol. The authors noted that glucose is the substrate for
sorbitol production, and attributed the accumulation of sorbitol
to increased synthesis following the availability of more glu-
cose. The added glucose also increased the osmolality of the
medium, however, so the result is also consistent with a role for
sorbitol as an osmolyte. Other lines of cells were also tested.
HeLa, goldfish testes fibroblasts, and ascites tumor cells did not
accumulate sorbitol in response to high medium glucose.
GRB-PAP1 is a line of rabbit renal cells believed to be
derived from the papillary pelvic epithelium [32], which is one
of the renal medullary tissues found to contain a high level of
immunoreactive aldose reductase protein [12, 18]. When the
medium osmolality was increased to 600 mOsm/kg by addition
of NaCI, a strain of these cells (designated PAP-HT25) survived
and has grown continuously since then in the hyperosmotic
medium. The PAP-HT25 cells grown in the hyperosmotic
medium contain high levels of aldose reductase and sorbitol,
whereas GRB-PAPI and PAP-HT25 cells grown in medium
with normal osmolality (approximately 300 mOsm/kg) do not
1331. Intracellular sorbitol concentration was 240 mM in the 600
mOsm/kg medium, which is sufficiently high to balance most of
the 300 mOsm/kg excess of NaCI added to make the medium
hyperosmotic. Cell water content and sodium and potassium
concentrations do not differ significantly between GRB-PAPI
cells grown in the 300 mOsm/kg medium and the PAP-HT25
cells grown in the 600 mOsm/kg medium. Thus, accumulation of
sorbitol increases the intracellular solute concentration enough
to balance the high external osmolality while the cells still
maintain normal volume and normal concentrations of sodium
and potassium salts. No significant amounts of osmolytes other
than sorbitol were identified in the PAP-HT25 cells in the
hyperosmotic medium.
The reason for distinguishing between the parental GRB-
PAP1 cells and their PAP-HT25 progeny is that the initial
exposure to high NaCI caused striking changes in phenotype
and karyotype that did not revert when cells of the resulting
PAP-HT25 strain were returned to medium with normal osmo-
lality [32]. Studies of clonal cell lines showed that these changes
were due to adaptation of the predominant cells in GRB-PAPI
cultures and not due to selection of an already existing minority
population. The cell biology of the various strains was studied
further, but the details are beside the point in the present
context because they are not directly relevant to the role of
sorbitol as an osmolyte, and in addition it is not clear that the
differences relate to the normal physiology of renal medullary
epithelia as opposed to being limited to cell culture. It is
important to note, however, that when the parental GRB-PAPI
cells were exposed to a relatively small increase in medium
NaCI (elevating the osmolality only to 500 mOsm/kg), striking
morphological changes did not occur, yet the GRB-PAPI cells
still accumulated large amounts of sorbitol (S Uchida and M
Burg, unpublished observation). The parental GRB-PAP1 cells
are not as useful for studies in hyperosmotic media as are the
PAP-HT25 cells, however, because the GRB-PAPI cells do not
grow well in hyperosmotic medium, whereas PAP-HT25 cells
do.
Preliminary studies have revealed a number of interesting
aspects of the regulation of aldose reductase and sorbitol in
these cells. The increase in aldose reductase activity in hyper-
osmotic medium is due to an increase in the amount of enzyme
protein [34]. The enzyme, which has an apparent molecular
weight of 39 kDa in this tissue, increased from low levels under
isosmotic conditions to more than 10% of the soluble cell
protein in 600 mOsm/kg medium. Aldose reductase was purified
from PAP-HT25 cells and a specific high affinity antiserum
against it was prepared in goats.
Large amounts of sorbitol produced by the cells appear in the
medium [35]. The amount of sorbitol appearing in the medium
in 24 hours approximately equals the amount in the cells at any
given time. Because of the relatively large volume of medium,
however, the concentration of sorbitol in the medium remains
less than I mtvi, which is much lower than the concentration in
the cells. The large amounts of sorbitol appearing in the medium
seemed surprising at first because sorbitol is generally regarded
as a nonpenetrating solute [361, and, if permeability were very
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high, the sorbitol which was synthesized in the cells would be
ineffective as an osmolyte. It can be readily calculated, how-
ever, that considering the large concentration gradient and the
long time involved (24 hr) the permeability to sorbitol actually is
quite low. Mouse L-929 cells (a fibroblast-like line) demon-
strated similar osmotic and permeability characteristics with
regard to sorbitol [36]. When the medium osmolality was
increased abruptly by adding sorbitol, the L-929 cells shrank
like perfect osmometers, demonstrating that sorbitol is effective
osmotically and implying a low permeability. Nevertheless,
there were significant fluxes of radioactive sorbitol into and out
of the cells, showing that the permeability is finite. The L-929
cells grew for many months in medium made hyperosmotic by
adding 300 msi sorbitol. Under those conditions their water
content was the same as in isosmotic medium. Probably,
sorbitol permeated the cells and acted as an osmolyte, similar to
its role in PAP-HT25 cells, except that the source of the sorbitol
in the L-929 cells was influx from the medium and not synthesis,
as in PAP-HT25 cells.
The time course of changes in aldose reductase in PAP-HT25
cells is relatively slow. After the medium was switched from
300 to 500 mOsm/kg by adding NaCI, there was a lag of 12 to 24
hours before aldose reductase activity and sorbitol began in-
creasing. The increase was half maximal after two days and the
highest levels were not reached until three to four days [37].
When PAP-HT25 cells grown in hyperosmotic medium (600
mOsm/kg) were switched to normal osmolality, the fall in
aldose reductase was even slower. Both the amount of aldose
reductase protein and the enzyme activity decreased by only
one half in a week and required two weeks to reach low levels
[35].
In contrast to the slow fall in aldose reductase, sorbitol fell
rapidly when cells were switched from 600 mOsm/kg medium to
300 mOsm/kg. Cell sorbitol decreased to 10% of its initial value
within one day after the osmolality was decreased. The fall in
cell sorbitol was accounted for by accelerated efflux of sorbitol
from the cells to the medium. The initial flux was very rapid. A
large fraction of the cell sorbitol appeared in the medium within
five minutes after the osmolality was decreased (S Bagnasco
and M Burg, unpublished observation). Thus, changes in cell
sorbitol in response to changes in medium osmolality occurred
by at least two mechanisms: slow change in aldose reductase
activity and rapid change in sorbitol flux. Both mechanisms
were previously found in yeast, which were observed to regu-
late the level of their osmolyte, glycerol, by variable synthesis
and by efflux into the medium [381. Theoretically, sorbitol level
in medullary cells could also be regulated by the activity of
sorbitol dehydrogenase, which catalyzes the conversion of
sorbitol to fructose. This possibility has not yet been tested.
The nature of the stimulus that induces aldose reductase in
GRB-PAP1 and PAP-HT25 cells was investigated by increasing
the osmolality of the medium to the same extent with different
solutes and comparing the magnitude of the changes. The
effectiveness of the solutes depended on their molecular size
[37]. Raffinose, a trisaccharide with a large molecular size, had
essentially the same effect as NaCl. Urea and glycerol, which
have small molecular sizes, did not cause any increase in aldose
reductase or sorbitol. Mannitol and sorbitol, which are inter-
mediate in size, had substantial effects, but less than raffinose
and NaCI. The importance of molecular size apparently de-
pended on the osmotic effectiveness of the solutes. Hyperos-
motic addition of NaCI or raffinose caused prolonged shrinkage
of the cells, associated with increased intracellular Na and K
concentration. Urea, on the other hand, did not change cell
volume or Na or K concentration, presumably because it
penetrated the cells so rapidly that it exerted little osmotic
effect. Ouabain, which increased cell sodium concentration,
and decreased cell potassium, did not induce aldose reductase
activity or sorbitol accumulation. The conclusion was that
elevation of cell potassium or ionic strength or prolonged cell
shrinkage triggers the induction. It remains to be seen whether
second messengers are involved or whether the effect is direct.
In this respect it is interesting that elevated cell potassium has
been proposed as the link between high medium osmolality and
induction of the osmoregulatory pro U system in E. coli [39].
The phases of osmoregulation
The aspect of osmoregulation studied most extensively in
mammalian tissues in the past was volume regulation. In fact
osmoregulation and volume regulation have come to be consid-
ered as virtually synonymous. The major point of this review is
that osmoregulation includes a second important aspect which
is maintenance of the intracellular milieu. These interrelation-
ships are exemplified by the phases of osmoregulation following
an increase in osmolality, which were previously proposed for
yeast and fungi, but which now also seem to apply to animal
tissues. The three phases that follow increase of the osmolality
in the fluid surrounding unadapted cells are [38]:
1) Water flux. Immediately after the external osmolality
increases, water leaves cells by osmosis until equilibrium of
water potential with the new environment is reached. This
phase has a time scale of seconds.
2) Restoration of volume (or turgor in the case of cells with
walls) and normal biological activity, a) Volume regulatory
increase by mammalian cells has a time scale of minutes to
hours. It involves uptake of sodium and potassium salts,
followed by water [40]. Cell volume is normalized, but at the
expense of continued high intracellular levels of sodium and
potassium salts, which, as already discussed, perturb macro-
molecular function. b) Restoration of normal biological activity
involves induction of mechanisms for accumulation of osmo-
lytes. As the intracellular level of these nonperturbing solutes
builds up, the level of perturbing sodium and potassium salts
decreases towards normal. The time scale for accumulation of
sorbitol was days in our study of unadapted renal medullary
cells in culture.
3) The fully adapted steady state. Cell volume and electrolyte
concentrations having been corrected, normal function is re-
stored. In addition, when fully adapted, PAP-HT25 cells were
able to regulate both their volume and intracellular milieu
quickly following changes in osmolality. They adjusted to
decreased osmolality by rapid efflux of sorbitol. They also had
the capacity to adjust quickly to increased osmolality by
sythesizing sorbitol because they maintained high levels of
aldose reductase. Analogous states of adaptation could exist in
vivo. For example, renal medullary cells might normally be
more or less fully adapted in species which usually are antidi-
uretic. In contrast the cells might be unadapted following
chronic diabetes insipidus or prolonged diuretic therapy, de-
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pending on the degree and duration of the accompanying
decrease in renal medullary extracellular NaCI concentration.
Aldose reductase, osmoregulation, and the ocular complications
of diabetes and galactosemia
The preceding sections considered the osmoregulatory role of
aldose reductase in renal cells, concluding that sorbitol helps
maintain both cell volume and intracellular milieu under the
varying hyperosmotic conditions that are normal in the inner
medulla. In contrast, the normal role of aldose reductase in
other tissues, including the lens, is unclear [5] and there is
considerable evidence that the enzyme may be harmful, caus-
ing, for example, the cataracts that complicate diabetes and
galactosemia [41]. It is worth considering, therefore, whether
aldose reductase normally has an osmoregulatory role in the
lens, and whether there are any differences in polyol metabo-
lism and disposition between renal medulla and lens that might
explain why aldose reductase apparently serves a useful pur-
pose in the former, yet may be harmful in the latter.
Cataracts were found to occur regularly in young rats made
diabetic or fed xylose or galactose. The lenses of these rats
contained large amounts of sorbitol, xylitol, or galactitol (dul-
citol), respectively [42]. Aldose reductase catalyzes the synthe-
sis of xylitol from xylose and galactitol from galactose, as well
as sorbitol from glucose. Although the synthesis of all these
sugar alcohols involves the same enzyme, there are other
important differences in their metabolism. Sorbitol dehydro-
genase catalyzes the conversion of sorbitol to fructose which
may then be further metabolized, but no analogous enzyme is
known to degrade galactitol. Galactitol, therefore, tends to
accumulate to higher levels and is a more potent cause of
cataracts. It is believed that the cataracts result from an osmotic
effect of the sugar alcohols [43].
The following train of events has been proposed to explain
the formation of cataracts during diabetes or when lenses are
incubated in high glucose concentrations in vitro [41]. The Km
of aldose reductase for glucose is high. Therefore, little sorbitol
appears in lenses when the extracellular glucose level is normal.
The high blood glucose during diabetes (or when glucose level
is increased in vitro), however, results in production of sub-
stantial amounts of sorbitol (and fructose) which remain in the
lens fibers. The elevated osmolality draws water into the cells
by osmosis, causing them to swell. The swelling in turn in-
creases the permeability of the cells. The levels of potassium,
amino acids, glutathione, inositol and ATP decrease, while the
intracellular NaCI concentration increases. Protein synthesis
slows and the growth of lens fibers is retarded, associated with
the increase in cell sodium to potassium ratio. The resulting
formation of cataracts was reversible at first, but not later after
gross morphological changes appeared. Cataract formation was
prevented by inhibitors of aldose reductase or by adding
sufficient sorbitol to the medium to prevent cell swelling,
providing strong evidence that the osmotic effect of intracellular
sorbitol (and fructose) caused the cataracts. Galactose and
xylose have lower Km'S for aidose reductase than does glucose.
They were found to be even more effective in causing cataracts
than glucose, and were therefore often used to study the
phenomenon.
In view of the evidence that aldose reductase and sorbitol
help regulate the volume and intracellular milieu of renal
medullary cells following changes in external osmolality, it is
worth considering whether they have a similar role in the lens.
Recently, it was proposed, based on indirect evidence, that
aldose reductase activity and intracellular sorbitol accumula-
tion protect lenses against daily, diet- and disease-related
changes in osmotic pressure in the aqueous humor [44]. This
theory was tested by incubating rabbit lenses for four hours in
medium made hyperosmotic with added glucose (55.5 mM) [45].
Sorbitol and fructose accumulated continuously during the
hyperosmotic period, but never reached a level high enough to
balance the hyperosmolality of the glucose added to the me-
dium. Then, the glucose and osmolality were reduced to normal
levels for four additional hours. Lens sorbitol and fructose
remained elevated at approximately a constant level during this
time. The authors concluded that the observed accumulation of
sorbitol and fructose was beneficial for reducing dehydration of
the lens during acute cyclical changes in blood glucose, but that
continuous, rather than cyclical activity of the pathway might
be detrimental and cause cataracts. The putative acute osmo-
regulatory benefit of the sorbitol and fructose may be ques-
tioned, however, considering that they accumulated in the
lenses slowly [46], and that their level did not fall when the
glucose was reduced to isosmotic levels. In this respect renal
medullary cells were strikingly different. Recall that a large
efflux of sorbitol reduced its level in PAP-HT25 cells within
minutes after the medium osmolality was decreased [35]. Based
on these observations, the role of aldose reductase and sorbitol
in osmoregulation may well differ between renal and lens cells,
but an exact comparison is difficult because the experimental
conditions were so different in the various studies. In addition,
it is not clear 1) whether hyperosmolality associated with
hyperglycemia causes the increase in aldose reductase activity
observed in lenses of diabetic rats [47] analogous to the effect of
hyperosmolality in renal medullary cells and 2) whether there
are different states of adaptation to hyperosmolality in the lens
analogous to those in renal medullary cells.
Does aldose reductase have a role in the pathogenesis of renal
papillary disease or diabetic nephropathy?
Renal papillary necrosis occurs in diabetes [48] and following
chronic ingestion of large amounts of analgesics [49]. The
pathogenesis is not entirely clear for either condition. The
primary lesion in diabetic papillary necrosis is thought to be
infarction of the papilla by microvascular occlusion [48]. Anal-
gesic nephropathy is thought to involve depletion of glutathione
as a result of high concentrations of acetaminophen and salycil-
ates that accumulate in the renal medulla [49]. The possible role
of the osmolyte systems in renal medullary cells has apparently
not been considered. Perhaps it should be examined, in view of
the possible consequences of prolonged disturbance of the
intracellular milieu following inappropriate regulation of osmo-
lyte levels. In this regard it is provocative that several nonste-
roidal antiinflammatory agents [50], aspirin [51, 52] and acet-
aminophen [52], were reported to inhibit aldose reductase.
A role for aldose reductase in the pathogenesis of diabetic
nephropathy has also been considered, but evidence directly
implicating the enzyme is not conclusive [reviewed in 19 and
41]. Aldose reductase immunoreactivity was identified in gb-
merular podocytes [17]. Increased sorbitol, decreased myo-
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inositol [531 and reduced glomerular Na,K-ATPase activity 54]
were reported in the glomeruli of diabetic rats [53], and all of
these changes were prevented by administration of sorbinil, an
inhibitor of aldose reductase. The latter findings are of interest
considering that increased sorbitol and decreased myo-inositol,
combined with changes in Na,K-ATPase, have been related to
the pathogenesis of diabetic neuropathy [55]. The relationship
of these factors within glomeruli and their role in diabetic
nephropathy, however, remain to be established.
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